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Luminal and antiluminal transport of glutamine in dog kidney: Effect
of metabolic acidosis. We have studied the luminal and antiluminal
transport of glutamine and glutamate with the pulse injection multiple
indicator dilution technique in normal dogs and in dogs with acute and
chronic acidosis. The single-pass experiments yield estimates of unidi-
rectional influx at each nephron surface. The kidney of normal dogs
extracts 57% of the arterial glutamine load ; 23% of this extraction is due
to luminal reabsorption and 34% to antiluminal uptake from the
peritubular circulation. After the total net extraction by the kidney is
determined from arteriovenous differences and blood flow measure-
ments, in normal dogs, the net antiluminal flux is calculated to be
negative, indicating that at least part of the glutamine reabsorbed is
returned to the renal venous circulation across the antiluminal mem-
brane. In acutely acidotic dogs, the situation is similar, but a 30 to 40%
fall in renal hemodynamics (blood flow and GFR) is observed with
secondary reduction in luminal and antiluminal uptake. In chronically
acidotic dogs, the unidirectional luminal and antiluminal uptakes of
glutamine are similar to that observed in normal animals , but the
calculated efliux across the antiluminal membrane is drastically re-
duced. These findings suggest that (1) a cellular transport mechanism
for glutamine exists at the antiluminal pole of the renal tubule and
dominates the luminal uptake process in normal animals ; (2) cellular
transport of glutamine (luminal and antiluminal) does not play a role in
the renal adaptation to metabolic acidosis ; (3) the intrarenal utilization
of glutamine acts as a metabolic sink for this amino acid, which in turn
regulates its net uptake by the kidney; and (4) the total uptake of
glutamine limits ammoniagenesis in this species.
Le transport de Ia glutamine par le pole luminal et antiluminal chez le
rein du chien: L'effet d'acidose métabolique. Le transport de Ia gluta-
mine par le pole luminal et antiluminal des cellules tubulaires a étd
étudié chez le chien en utilisant la technique d'injection unique d'indica-
teurs multiples de Chinard. Le rein du chien normal extrait 57% de
l'apport artériel de glutamine, 23% de cette extraction dtant attribuable
a la reabsorption luminale et 34% a une captation antiluminale. On
n'observe cependant pas de captation nette de glutamine a ce niveau.
La majorit de Ia captation cellulaire de glutamine retourne au sang
veineux renal par un processus de diffusion antiluminale chez le chien
normal. Chez le chien en acidose aigue (acide chlorhydrique) la
situation est semblable mais suit la chute de 30% de l'hémodynamique
rdnale observde. Chez Ic chien en acidose métabolique chronique
(chiorure d'ammonium) la captation luminale et antiluminale de gluta-
mine est de même ordre de grandeur que celle qui est observée chez
l'animal normal, mais la diffusion antiluminale est rdduite de façon
importante. Ces observations suggèrent (1) qu'un transport cellulaire de
glutamine au niveau antiluminal existe chez le chien normal, (2) que le
transport cellulaire de glutamine (luminal et antiluminal) ne joue aucun
role dans l'adaptation rdnale a l'acidose métabolique, 3) que l'utilisa-
tion intrarénal de la glutamine dicte l'extraction de cet acide amine par
le rein, (4) que le transport total de glutamine constitue une limite pour
l'ammoniogCnèse chez le chien.
Glutamine is extracted by kidney proximal tubular cells to
produce ammonia, a compound involved in the regulation of
hydrogen ion balance. In normal and acidotic animals, unidirec-
tional transport in the direction of reabsorption is always
observed at the luminal pole, and this reabsorption is almost
complete. In normal dogs [1], rat [2], and, man [3], the amount
of glutamine filtered and reabsorbed is significantly greater than
the net extraction of glutamine by the kidney is. Therefore,
some of the glutamine reabsorbed at the luminal site must
return to the renal venous blood, diffusing from the inside to the
outside of the cell at the antiluminal pole. In rats, this cellular
efflux of glutamine at the antiluminal site is even more evident
because the rat kidney (in contrast to that of dog and man [4]) is
able to synthesize glutamine and release this amino acid to the
venous effluent under certain circumstances [5]. On the other
hand, in the acidotic dog [1] and in the acidotic or fasted rat [2,
6], glutamine extracted by the kidney is significantly greater
than the amount filtered is, thus unmasking a net antiluminal
uptake process.
In man [3], rats [2, 7], and dogs [8], renal glutamine transport
and utilization increase during metabolic acidosis. The role of
the cellular transport of glutamine in this process is not clearly
established. The present study attempts to examine luminal and
antiluminal uptake of glutamine in the normal and acutely or
chronically acidotic dog by combining the pulse injection multi-
pie indicator dilution technique [9, lOj with conventional arteri-
ovenous difference measurements. Our data provide estimates
of the steady-state fluxes at both nephron surfaces in normal
and acidotic animals. The results demonstrate the existence of a
dominant antiluminal mechanism for giutamine uptake in the
normal dog which shows no adaptation during chronic metabol-
ic acidosis. Efflux of glutamine out of tubular cells is profoundly
reduced in acidosis, however. This suggests that cellular utiliza-
tion acts as an intracellular metabolic sink for glutamine, which
ultimately controls the rate of glutamine net uptake by the
kidney.
Methods
Surgical procedures and experimental design. Mongrel dogs,
male and female, weighing between 17 and 29 kg were used.
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Measurements were carried out in normal dogs made acidotic
by infusion of .1 N hydrochloric acid and in a series of dogs after
induction of chronic metabolic acidosis by the daily administra-
tion, for 5 days, of 10 g of ammonium chloride mixed in
commercial food, as previously described [11]. The animals
were anesthetized with sodium pentobarbital (30 mglkg), and
anesthesia was maintained with intermittent injections of the
drug. Intubation was carried out with an endotracheal tube
fitted with an inflatable balloon, and respiration was controlled
with a volume and rate adjustable respirator (Harvard Appara-
tus, Millis, Massachusetts). Muscle paralysis was maintained
with anectine (Burroughs Wellcome, La Salle, Quebec). A
femoral vein catheter was used for the i.v. administration of a
10% solution of mannitol containing a suitable amount of PAH.
Sodium chloride (0.9%) was given to replace volume losses
from surgery and blood sampling. Sampling catheters were
placed in the left renal vein and both right and left ureters (about
2 to 3 cm below the renal pelvis) through a midline abdominal
incision, as previously described [9, 12]. The abdomen was
closed with double-layer sutures. The origin of the left renal
artery at the aorta was then exposed via a flank incision to
provide access for the intraarterial injection of indicators and to
install an electromagnetic flow probe around the renal artery
(Gould Inc., Oxnard, California). Blood pressure was moni-
tored continuously by a mercury manometer via a femoral
arterial line. Heparinized saline (4 U/mI in 0.9% sodium chlo-
ride) was infused slowly to maintain the patency of the renal
vein catheter. Each experimental run consisted of making a
pulse injection of 0.3 to 0.4 ml of a solution containing various
indicators (see below) into the left renal artery. Timed serial
samples were obtained from the left renal vein (via a Sigma-
motor pump set at approximately 1 mI/second) and from both
right and left ureters. Usually 30 blood samples were collected
at a rate of 0.6 sec/sample and 30 urine samples from each
ureter at about 10 sec/sample. The renal venous collecting vials
were precoated with heparin to prevent clotting. Urine collec-
tion vials contained ampicillin to prevent bacterial growth.
Before each experimental run, the urinary flow was measured
and three 5 ml samples of arterial and renal venous blood were
obtained and deproteinized with 5 ml of ice-chilled 10% per-
chloric acid (wt/volume). Blood gases and pH were monitored
to assess systemic acid base parameters.
Injection solution composition. The injection solution was
composed of 36mg of sodium chloride, 100mg of bovine serum
albumin (Sigma, St. Louis), 60 mg of creatinine (Pfansteihl,
Waukegan, Illinois), 100 Ci of L-[3,4-3H(IV)] glutamine (33.4
Ci/mmole). In some experiments, 10 Ci of '4C-L-glutamic acid
was also added to the injection solution (267 mCi/mmole) (New
England Nuclear Corp., Boston, Massachusetts) in 4 ml of
distilled deionized water. One milliliter was removed and used
for preparation of urine standards. To the remaining 3 ml was
added 7.5 mg of Evans blue dye (T1824) (Matheson Coleman
and Bell, Norwood, Ohio). This was the actual injection solu-
tion and was also used for preparing blood standards.
Analytical procedures. Triplicate determinations of whole
blood glutamine and ammonia were carried out on neutralized
perchloric filtrates, and urinary ammonia was measured direct-
ly using enzymatic methods as previously described [11]. The
concentration of each of the injected indicators (creatinine, 3H-
L-glutamine and '4C-L-glutamic acid) was measured in every
blood and urine sample. The T1824-albumin complex served as
a plasma reference and was measured in blood only. Creatinine
served as an extracellular reference. The recovery of each of
the indicators in all samples was calculated using appropriate
internal standards as previously described [12]. All measure-
ments were carried out on whole blood. Details of the analytical
procedures have been published [12]. The experimental points
were reproducible to within 3 to 5%. PAH was measured
according to the technique of Bratton and Marshall [13] as
modified by Harvey [14]. Blood pH and Pco2 were measured
with a blood gas analyzing system (Radiometer, Copenhagen).
Hematocrit was measured in duplicate with microhematocrit
tubes by a standard procedure. At the end of each experiment,
the left kidney was removed, weighed, and checked for any
gross abnormalities.
Data analysis and calculations. Methods for calculating
recoveries and mean transit times have been previously out-
lined [15]. Total renal blood flow (RBF) was obtained by
averaging several readings from the electromagnetic flow probe
at the time of arteriovenous sampling. PAH clearances were
also monitored in 10-mm collection periods before each run,
and total renal blood flow was calculated for each experiment.
In some dogs, there was excellent agreement between the flow
probe and PAM flow measurements, in other instances there
was not. Because of uncertainties in flow redistribution during
the experimental procedures, the probe measurements were felt
to be more reliable and were therefore used in all calculations
except where indicated by footnote a in Table 1.
Because creatinine (Cr) is neither synthesized nor metabo-
lized, the sum of renal vein and urine recoveries should be unity
(± 10%). Table 3 shows this generally to be true within the
expected limits of the analytical measurements and recircula-
tion corrections. Because the renal vein recovery was calculat-
ed relative to the simultaneously injected T1824-albumin, that
is, (ICr/Tl824)renai vein, the filtration fraction determined from
(1 — Cr/Tl824)renai vein would incorporate the errors associ-
ated with the analysis of two independent indicators. Therefore,
we considered the filtration fraction as obtained from
as being more reliable, and so GFR was calculated from (RBF)
(1 — Hct) If urine outflow data was not available, (1
— Cr/Tl824)renai vein was substituted for (ICr)urne, and in
one case (see Table 1), it was necessary to use the endogenous
creatinine clearance.
Following an intraarterial pulse injection, the intrarenal dis-
tribution of radiolabelled 3H-glutamine and '4C-glutamic acid
will reflect the existing steady-state bidirectional fluxes across
each of the nephron surfaces superimposed upon the dispersion
introduced by convection diffusion in the microcirculation.
Determination of tubular influx could, in principle, be quite
complicated. It turned out, however, that the uptake kinetics of
tracer glutamine and glutamic acid at the opposing nephron
surfaces was amenable to simple analysis.
Typical renal vein and urine outflow curves are shown in Fig.
1. The urine recovery of both glutamine and glutamate was each
< 1% of the simultaneously filtered glomerular reference creati-
nine (see Table 3). Thus, the luminal extraction (or uptake) of
both 3H-glutamine and '4C-glutamic acid can be considered as
unidirectional in the direction of reabsorption from urine into
tubular cells. We will call this flux 1LC.
If w13H or w114C and w1Cr represent recoveries of 3H, '4C,
and creatinine, respectively, in the i' renal vein sample, then
we expected that the 'initial" uptake from the postglomerular
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Table 1. Acid-base and hemodynamic measurements in normal, acutely acidotic and chronically acidotic dogs
Total
Plasma Renal vein Urine NH3 ammonia
Blood HCO3 NH4 release excretion production GFR
Group Run pH mrt p.moles/min .Lmoles/min iimoleslmin mi/mm
RBF
mi/mm
Normal dogs
dog 1 1 7.40 18.1 7.8 — — 35.6 245
dogS 1 7.32 18.6 7.6 9.1 16.7 28.1 350
dog 5 2 — — 12.3 7.6 19.9 21.9 315
dog 6 1 7.31 18.2 7.04 13.2 20.2 31,4 220
Mean SEM 7.34 18.3 8.69 9.97 18.93 29.3 282.5
±0.03 ±0.2 ±1.22 ±1.67 ±1.12 ±2.9 ±30.2
Acute acidosis
dog 1 2 7.19 8.8 15.8 — — 24.1 225
dog 1 3 6.98 5.8 13.3 — — 15.7 190
dog 5 3 7.12 9.3 9.7 20.6 30.3 15.1 168
dog 6 2 7.18 7.6 7.3 14.5 21.8 8.1 109
Mean ± SEM 7.12 7.88 11.53 17.6 26.1 18.3 172.8
±0.05 ±0.78 ±1.88 ±3.05 ±4.25 ±2.1 ±26.5
Chronic acidosis
dog 2 2 7.32 15.0 33.6 — — 31.4 152
dog2 3 7.32 15.0 23.6 — — 21.2 l54
dog3 3 7.26 13.1 22.0 — — 20.6 205
dog4 1 7.12 10.5 34.0 — — 25.6 170
dog4 2 7.12 10.7 24.4 — — 22.0 174
dog 7 1 7.16 10.4 30.8 32.8 63.6 35.8 285
dog7 2 7.18 11.9 31.0 30.3 61.3 31.2 235
Mean ± SEM 7.21 12.4 28.5 31.6 62.5 26.8 196.4
±0.03 ±0.8 ±1.9 ±1.3 ±1.2 ±2.3 ±18.5
Blood flow calculated from the PAH clearance.
Table 2. Renal glutamine handling in normal, acutely acidotic, and chronically acidotic dogs
Arterial Net Total Net luminal Net antiluminal
glutaminea Total load A-V extraction extraction extraction extracton
Antiluminal
influx
Antiluminal
efflux
Group Run m p.moles/min msi p.moies/min i.moies/min ii.moies/min limoles/min iimoles/min p.moles/min
Normal dogs
dog 1 1 0.486 119.1 0.024 5.9 22.9 14.9 —9.0 8.1 17.1
dogS 1 0.452 158.2 0.030 10.5 69.7 23.7 —13.2 46.0 59.2
dog 5 2 0.387 121.9 0.025 7.9 36.7 7.9 0.0 28.8 28.8
dog 6 1 0.521 114.6 0.027 5.9 56.1 23.4 —17.5 32.7 50.2
Mean ± SEM 0.462 128.5 0.027 7.6 46.4 17.5 —9.9 28.9 38.8
±0.029 ±10.0 ±0.001 ±1.1 ±10.3 ±3.8 ±3.7 ±7.9 ±9.6
Acute acidosis
dog 1 1 0.379 85.3 0.053 12.0 14.3 9.1 —2.9 5.2 2.3
dog 1 3 0.379 72.0 0.053 10.2 9.8 6.0 4.2 3.8 —0.4
dog 5 3 0.462 77.6 0.049 8.9 17.9 8.7 0.2 9.2 9.0
dog 6 2 0.503 54.8 0.056 5.8 11.9 8.8 —3.0 3.1 6.1
Mean ± SEM 0.431 72.4 0.053 9.2 13.5 8.2 —1.1 5.3 4.3
±0.031 ±6.5 ±0.001 ±1.3 ±1.7 ±0.7 ±1.6 ±1.4 ±2.1
Chronic Acidosis
dog 2 2 0.616 93.6 0.191 29.0 29.6 17.8 10.5 11.9 1.4
dog 2 3 0.613 94.4 0.216 33.3 27.8 18.8 14.5 9.0
dog 3 3 0.560 114.8 0.132 27.1 25.0 10.0 17.1 15.0 —2.1
dog 4 1 0.898 152.7 0.223 37.9 25.0 9.0 28.9 16.0 —12.9
dog 4 2 0.743 129.3 0.229 39.8 33.1 9.6 30.2 23.5 —6.7
dog 7 1 0.563 160.5 0.116 33.1 30.6 22.5 10.6 16.2 5.6
dog 7 2 0.500 117.5 0.128 30.1 30.1 17.1 13.0 13.3 0.3
Mean ± SEM 0.642 123.3 0.179 32.9 28.8 15.0 17.8 15.0 —2.8
±0.051 ±9.9 ±0.018 ±1.8 ±1.1 ±2.0 ±3.1 ±1.7 ±2.6
For calculations, the plasma and whole blood arterial glutamine concentration is taken to be equal.
interstitium should be given by (1 — w13H/w1Cr) at times (t) "single pass" experiment. For example, Fig. 1 shows that there
close to t = 0 and that this value would decrease as backflux of was no significant backflux of tracer before recirculation oc-
tracer accumulates. But, as will be outlined below, all evidence curred and that the total recovery of 3H-glutamine was less than
points to the antiluminal uptake of 3H-glutamine, being unidi- creatinine. In some experimental runs, a late second slope was
rectional from the peritubular circulation into cells, during a observed, but this component was always very small, repre-
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Fig. 1. Simultaneous renal vein (left hand panel) and urine (right hand
panel) outflow patterns for T1824-albumin (•), creatinine (A), '4C-L-
glutamic acid (x) and 3H-L-gluzamine ($) in the normal dog. Dashed
line indicates linear extrapolation for recirculation correction.
senting < 5% of total renal vein recoverable tracer. Thus, to a
reasonable first approximation after correction for recirculation
by extrapolation of the downslope (shown in Fig. 1 as the
broken lines, see also Ref. 15), the value or (1 — w13H/w1Cr)
remains a constant, and this was true for normal, acute, and
chronic acidotic states. Another observation indicating unidi-
rectional antiluminal uptake was the finding that the renal vein
mean transit times for creatinine and 3H-glutamine were identi-
cal. That is, from Table 3, using the ratio of the renal vein mean
transit times (t) for normal dogs, t3H/tC. was 1.03 [sDI 0.10; in
acute acidosis, 1.04 0.15; and in chronic acidosis 0.98 0.03.
Therefore, the postglomerular extraction of glutamine (and
glutamic acid) in a single-pass experiment reflects predominant-
ly unidirectional losses from the extracellular space. Because
glutamine exhibited the same extracellular distribution space as
creatinine, the postglomerular and urine extractions must repre-
sent, respectively, antiluminal and luminal uptakes, either
binding or transport. We assume that transmembrane transport
into tubular cells is by far the most likely occurrence.
Because the renal vein and urine transit patterns of 3H-
glutamine reflected, respectively, antiluminal and luminal unidi-
rectional uptakes, individual fluxes could be calculated across
each of the tubular surfaces (Fig. 2).
Total extraction of glutamine RPF . (1 — 13H or
recovery) arterial plasma concentration (1)
Aterial plasma glutamine was assumed to be identical to red cell
glutamine concentration [161). The fractional antiluminal uptake
relative to creatinine is obtained from (1 — 3H or
Cr)renai vein RPF arterial plasma concentration, and the
total antiluminal influx (ICr — 3H or 4C)renai vein RPF
arterial plasma concentration (2)
(Unidirectional antiluminal influx may be underestimated by
—5% due to our having neglected a minor backflux component.)
Because renal vein data were available for every run, for the
purpose of this paper, we chose to normalize total creatine
recovery to unity based on the renal vein data. Thus.
net luminal influx (JLC) = Eq. 1 -. Eq. 2. (3)
Because virtually all glutamine is reabsorbed, JLC is unidirec-
tional and should be identical to the filtered load calculated
from GFR arterial plasma concentration. In practice, however,
the two values will differ from each other depending on the
precision with which total creatinine recovery in urine and
blood approaches unity. Because glutamine is not synthesized
in dog kidney,
net extraction the arteriovenous difference RBF (4)
Net antiluminal influx = Eq. 4 — Eq. 3 (5)
and unidirectional antiluminal efflux (JCA) = Eq. 2 — Eq. 5 (6).
Metabolic utilization (u) was calculated from JAC + JLC —JCA.
For future reference, the different steady-state fluxes are
identified in Fig. 2. Renal vein ammonia production was ob-
tained from the venoarterious difference for ammoniaS RBF.
Total ammonia production was calculated as the sum of the
ammonia release in the renal vein and the urinary excretion of
ammonia (when measured).
Chromatography of radioactive glutamine. Separation of
glutamine and glutamic acid was achieved by two methods (1)
thin-layer chromatography in a phenol-to-water solvent (3:1)
system, and (3) ion exchange chromatography [17, 181. The
latter technique was found to be more reliable. Using ion
exchange, it was verified that following pulse injection of
chromatographically pure 3H-glutamine into the renal artery,
>90% of the radioactivity recovered in renal vein effluent
samples is chromatographically identical 3H-glutamine, where-
as <10% is 3H-glutamate. The renal vein extraction of tracer
glutamate was similar to that of 3H-glutamine (see Fig. 1) and
was approximately 30% in a single-pass experiment. Therefore,
at most, 0.1 x 0.3 or 3% of our calculated renal vein extraction
for 3H-glutamine may actually represent deamination to gluta-
mate. We have chosen not to correct for this small fraction.
Results
Table 1 shows that blood pH and plasma bicarbonate, as well
as GFR and RBF, of normal dogs are within the normal range.
Total ammonia production averaged 19 moles/min. Following
the induction of acute acidosis, blood pH dropped to 7.12 and
plasma bicarbonate to 7.9 mt'i. Both GFR and RBF fell by 30%
following acute acidosis. Total ammonia production expressed
in absolute terms was approximately 25 moles/min, a value
similar to that observed in normal dogs despite the fall in renal
hemodynamics. Ammonia production, expressed per liter of
RBF was thus somewhat increased as previously described [11,
171. In contrast, GFR and RBF of the four chronically acidotic
dogs were comparable to the values observed in normal ani-
mals, but both renal vein ammonia release and urinary ammonia
excretion were significantly enhanced.
Renal glutamine handling in normal, acutely acidotic and
chronically acidotic dogs is presented in Table 2. In normal
dogs, arterial plasma glutamine averaged 0.462 m, whereas
the total amount of glutamine delivered to the kidney averaged
128.5 moles/min. This value is considerably lower than that
for total glutamine extraction (46.4 moles/min) calculated from
the total plasma glutamine load and the percent recovery of 3H-
L-glutamine from the single-pass experiments. This total extrac-
tion significantly exceeded the amount of glutamine filtered and
100
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Table 3. Indicator dilution data for 3H-glutamine
Renal vein Renal vein mean transit Urine Total
Group Run
Dog wt.
kg
.
Kidney
wta
Hct
%
recovery
Cr 3H
time, sec recovery
Cr 3H
recovery
Cr 3HT1824 Cr 3H
Normal dogs
dog 1 1 17 84 48 0.72 0.59 4.13 7.42 7.39 — 0.039 — 0,63
dogS 1 18 57 33 0.79 0.33 2.54 4.79 4.63 0.12 0.001 0.91 0.33
dogS 2 18 57 33 0.90 0.53 3.20 5.92 5.70 0.10 0.001 1.0 0.53
dog 6 1 17 46 32 0.70 0.28 3.06 5.80 6.76 0.21 0.001 0.92 0.28
Acute acidosis
dog 1 2 17 84 49 0.79 0.67 5.12 9.49 9.08 — — — —
dog 1 3 17 84 41 0.86 0.77 4.52 8.63 8.31 — — — —
dog 5 3 18 57 36 0.87 0.70 4.64 10.16 10.02 0.13 0.002 1.0 0.70
dog 6 2 17 46 33 0.75 0.66 6.17 12.27 15.47 0.27 0.004 1.02 0.66
Chronic acidosis
dog 2 2 26 52 41 0.70 0.56 5.13 11.20 10.80 0.35 0.087 1.04 0.65
dog 2 3 26 52 40 0.77 0.66 4.78 10.28 10.03 — — — —
dog 3 3 20 69 41 0.83 0.56 4.73 9.80 9.46 — — — —
dog 4 1 29 89 42 0.87 0.71 4.79 8.88 8.95 0.26 0.012 1.13 0.75
dog 4 2 29 89 40 0.86 0.59 4.72 9.21 8.71 0.21 0.007 1.07 0.62
dog 7 1 27 73 44 0.75 0.57 4.03 7.60 7.63 0.22 0.003 0.93 0.57
dog 7 2 27 73 46 0.73 0.52 4.71 8.95 8.97 0.25 0.003 0.97 0.52
Wet kidney weight drained of both blood and urine. Renal vein recovery of each indictor is calculated as fraction of T1824, assumed to be
totally recoverable. All mean transit times have been corrected for catheter transit time.
reabsorbed by the kidney, which was estimated to be 17.5
jmoles/min.' Most of the total extraction was due to a sigriifi-
cant antiluminal uptake, averaging 28.9 moles/min. The obser-
vation that filtered glutamine exceeds net glutamine extraction
allows us to estimate a net antiluminal flux of —9.9 ,moles/min.
Therefore, total antiluminal efflux must be approximately 38.8
moles/min.
In acute acidosis, the arterial glutamine concentration was
not significantly changed. The total load of glutamine was lower
than the control value, due to a reduction in hemodynamic
parameters. The arteriovenous difference rose but only in a
modest fashion. Therefore, net glutamine extraction averages
9.2 p.moles/min, whereas total glutamine extraction was re-
duced to 13.5 p.moles/min. Net antiluminal uptake was close to
zero. Total antiluminal extraction as calculated from the indica-
tor dilution technique was 5.3 p.moles/min, a value lower than
that observed in the control situation, whereas antiluminal
efflux was estimated to be 4.3 p.moles/min.
In chronically acidotic dogs, arterial glutamine was signifi-
cantly higher than it was in normal dogs. Renal blood flow was
similar to control animals, and the total load was about 123.3
imoles/min. The arteriovenous glutamine difference was great-
er than that of the two other groups, at 0.179 m. Net glutamine
extraction averaged 32.9 ,tmoles/min, and the total glutamine
extraction as obtained from the single-pass tracer experiments
was 28.8 j.moles/min. Net antiluminal extraction was calculated
to be 17.8 moles/min, and this approximated the value of 15.0
p.moles/min for antiluminal influx, as determined using the
indicator dilution technique. Comparison of the antiluminal
influx data from chronically acidotic animals with that obtained
tFor this calculation, the glutamine filtered was assumed to be
completely reabsorbed by the proximal tubular cells. This assumption
was validated by the vanishingly small recovery of 3H-L-glutamine in
urine (see Table 3).
in normal dogs revealed that, on the average contraluminal
uptake in normals was somewhat higher, but we could not view
this difference as significant in view of the small number of
animals in each group. By contrast, our calculations show that
the antiluminal efflux in chronic acidosis approached zero,
considerably lower than the value of 38.8 moles/min obtained
in normal dogs. Figure 3 summarizes the flux determinations
under the different experimental conditions.
Discussion
Glutamine transport in the proximal tubule is generally
viewed as an active process [16, 19, 201, but the individual
characteristics of luminal and contraluminal uptake mecha-
nisms have not been clearly established. In properly assessing
the role of cellular transport of glutamine during the ammonia-
genic adaption to acidosis, it is especially important to clarify
any differences in glutamine handling at opposing nephron
surfaces.
Considerable evidence is available pointing to the fact that
luminal transport of glutamine is a net unidirectional movement
in the direction of reabsorption. Indeed, Pilkington, Young, and
Pitts [1] have been unable to observe significant glutaminuna in
dogs during an infusion of glutamine that raised the plasma level
to 10 mM. Similarly, Burch et al [22] recovered less than 1% of
filtered glutamine in urine of rats following elevation of plasma
glutamine to 7 m. These experiments demonstrate that the
reabsorptive process is of high capacity and not saturable at
tubular fluid concentrations of glutamine in the range of 7 to 10
m. Weiss et al [23] have described the existence of two
sodium-dependent glutamine transport systems in membrane
vesicles isolated from the rat kidney brush border. The domi-
nant component has a Km of 8.5 m and a Vmax of 16.90
nmoles/mg per 15 sec, suggesting that it may be the principle
carrier involved in glutamine reabsorption in rat proximal
tubules. On the other hand, MacFarlane-Anderson and Alleyne
[241 have also described a sodium-dependent glutamine trans-
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Fig. 2. Diagramatic representation of the fluxes calculated in the
present study. JAC is the unidirectional influx; JCA is the unidirectional
antiluminal efflux: JLC is the unidirectional luminal influx, and u is the
metabolic utilization.
Fig. 3. Summary of mean values (taken from Table 2)for tubular fluxes
calculated under varying acid base conditions. A shows normal; B,
acute metabolic acidosis; and C, chronic metabolic acidosis. Scheme is
identical to that shown in Fig. 2, and numbers correspond to JAC, JCA,
JLc, and u as shown in Fig. 2.
port system in rat kidney but with a lower Km (0.86 mM) and
Vmax (9.6 nmoles/min/g).
Because plasma glutamine concentration is unchanged or
elevated by less than twofold in acidotic rats and dogs whereas
GFR is constant, the filtered load and consequently the luminal
extraction of glutamine cannot be raised by more than twofold.
This is insufficient to account for the net increment in glutamine
extraction observed in acidotic kidneys of both species. There-
fore, luminal adaption would be expected to have a very limited
role during metabolic acidosis. Indeed, the sodium-dependent
luminal transport system for glutamine defined by MacFarlane-
Anderson [24] does not adapt during chronic acidosis. In
summary, luminal transport is not likely to play a significant
role in the renal accommodation to acidosis. The results of the
present study confirm that almost all filtered glutamine is
completely reabsorbed from the glomerular filtrate. But, the
fate of reabsorbed glutamine within the kidney tubular cells
remains unknown. It can be surmised that in normal animals
most of the filtered glutamine is returned to the renal venous
blood across the antiluminal membrane. If we postulate the
existence of a sodium-dependent secondary active transport
mechanism at the luminal membrane, it follows that intracellu-
lar concentration of glutamine will rise to a level determined by
metabolic degradation and the operational characteristics of the
antiluminal glutamine transport system.
A net influx of glutamine through the antiluminal membrane
has been shown to occur in the nonfiltering kidney of normal
dogs [25]. Moreover, in chronically acidotic dogs, net glutamine
extraction often exceeds the filtered load of glutamine, indicat-
ing the presence of antiluminal uptake [1, 16, 25]. Also, in rats,
antiluminal uptake occurs in vivo during acute metabolic acido-
sis [2, 6] and in vitro in the filtering [26, 27] and nonfiltering [28]
isolated perfused kidney. In earlier studies, it was proposed that
during acidosis there was an adaption of this antiluminal
component of glutamine influx [11].
The present work demonstrates unequivocally in the dog that
an antiluminal uptake of glutamine exists under normal acid-
base status, and that this extraction always exceeds luminal
uptake. Furthermore, unidirectional antiluminal influx is com-
parable in normal and chronically acidotic dogs indicating that
no adaption of this antiluminal transport occurs during acidosis.
It is not possible to say at this time whether any preference is
given to glutamine molecules originating from antiluminal as
opposed to luminal transport systems in terms of their ultimate
cellular metabolic destinations.
Antiluminal effiux is large during normal acid-base status.
During chronic metabolic acidosis, however, this efflux is
drastically reduced (see Table 2). At the same time, under
conditions of chronic acidosis, the concentration gradient for
glutamine between proximal tubular cells and extracellular fluid
is much smaller as tissue glutamine concentration falls to
around 1 m whereas plasma glutamine is raised between 0.7
and 0.8 mri [11, 19]. Because influx across each tubular surface
is unchanged but backflux is reduced in association with
lowered cell glutamine concentration, metabolic utilization of
glutamine within the proximal tubular cell must act as a sink to
regulate renal uptake of this amino acid. Furthermore, the fact
that net glutamine extraction approaches total glutamine uptake
during chronic acidosis suggests that total glutamine extraction
limits renal ammoniagenesis in this species.
In acutely acidotic dogs, tissue glutamine concentration falls
to levels similar to what is seen in chronically acidotic dogs [11].
But, no significant increase in glutamine utilization can be
shown to occur. In this situation, however, RBF and total
glutamine load to the kidney are reduced proportionally. Both
the luminal and antiluminal influxes are decreased, but the sum
JAC + JLC still exceeds metabolic utilization of glutamine. The
reason for the fall in cortical tissue glutamine concentration is,
therefore, not clear. This situation is reminiscent of observa-
tions made in acidotic dogs following constriction of the renal
artery by Lemieux and Vinay [25]. Following this maneuver,
both luminal and antiluminal net influxes are reduced, and renal
ammoniagenesis falls in proportion to the hemodynamic
changes. This was explained either by a metabolic effect of the
constriction (elevation of cellular pNH to reduction of the
ammonia sink) or by inability of the antiluminal membrane to
diminish the renal vein concentration of glutamine below a
critical level. In view of the major effect of the hemodynamic
changes on antiluminal influx seen in the present study, and of
the tissue changes observed in the acutely acidotic dogs with a
concomitant fall of RBF [111, the second hypothesis is favored.
It is of interest that the mean renal vein glutamine concentration
is 0.435 m in normal, 0.396 m in acutely acidotic, and 0.434
mM in chronically acidotic dogs. If the antiluminal influx of
glutamine is carrier-medicated, this would indicate that it is a
C
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low affinity system with an apparent Km significantly greater
than 0.4 mM.
Another, as yet, unanswered question is whether uptake of
glutamine at the antiluminal membrane is an active process or
not. The concentration of glutamine in the kidney cortex of a
normal dog [111 and rat [29] is between 1.5 and 2 m. Because
this measurement most probably reflects cytoplasmic concen-
tration (intramitochondrial glutaminase activity would not allow
such a high concentration of this amino acid in the mitochondri-
a! compartment), a threefold concentration gradient for gluta-
mine exists between the cytosol and extracellular fluid. Fur-
thermore, following a glutamate or aspartate load in rats, which
stimulates cellular synthesis of glutamine in the proximal tubu-
lar cell, a four-fold increment in cytosolic glutamine concentra-
tion can be observed [22].
A tissue-to-plasma glutamine concentration ratio greater than
unity could be attributed to either or both the passive perme-
ability characteristics of the antiluminal membrane and the
presence of an active antiluminal uptake of glutamine function-
ing in series with an active luminal transport system. Recent
evidence [30] that antiluminal uptake of glutamine and gluta-
mate is sodium-dependent may be consistent with a secondary
active transport mechanism at the basolateral surface in addi-
tion to the sodium-coupled carrier located at the brush border.
Although Weiss et al [23] have described two sodium-depen-
dent transport systems for glutamine, given the dominant
antiluminal uptake of glutamine demonstrated in the present
study, their vesicle studies must be interpreted with caution
until it is demonstrated that there is no antiluminal contamina-
tion. Heterogeneity of results from vesicle studies could also
arise from different proximal tubular membrane populations
and also from distal tubule contributions where a glutamine
concentrative process has been observed by Burch et al [22]
during glutamine loading.
Finally, it must be pointed out that the present work cannot
establish if the cells responsible for glutamine reabsorption are
also responsible for antiluminal uptake. Because the indicator
dilution technique by itself cannot localize events to a particular
nephron segment, it remains possible that luminal and antilu-
minal transport of glutamine is accomplished by different types
of cells within the proximal tubular structure. Alternatively, the
antiluminal uptake could be occurring at the level of the distal
tubule.
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